Abstract-FS-laser irradiation at high repetition pulse rate enables producing high-performance passive waveguides in different glasses through the local modification of the glass composition. In this paper, we show that this mechanism can similarly be used to produce high-performance waveguide amplifiers and lasers. Furthermore, we show the feasibility of producing active waveguides with different optical gains in the same phosphate glass sample by changing the laser writing parameters. The lanthanides present in the glass composition (Er 3+ , Yb 3+ , and La 3+ , the refractive index carrying element) experience similar local concentration changes upon fs-laser writing, enabling to determine the concentration of La 3+ and thus the refractive index contrast of the guiding region by measuring its absorption at 1534 nm. The produced waveguide lasers show slope efficiencies (respect to the absorbed pump power) above 38%, which could reach up to 42% by further optimization of the waveguide laser cavity configuration. The active waveguides produced are thermally stable for temperatures up to at least 450°C.
by sub-surface fs-laser writing with usual modification mechanisms (lattice expansion/densification, photochemical changes, defects,..) is well below 10 −2 except in a few cases [9] , [10] , limiting the 3D capabilities of this technique. Recently, it has been shown that Δn values >10 −2 can be achieved [11] , [12] in different glasses by inducing local compositional changes [11] , [13] upon fs-laser writing at high repetition rate. The effect of the different irradiation parameters on this mechanism have been previously studied [14] [15] [16] , showing that the guiding region properties (size, Δn) can be controlled trough the irradiation parameters.
In the case of P 2 O 5 -La 2 O 3 based glasses , where the refractive index contrast is caused by the enrichment in La 2 O 3 in the guiding region, this zone is also enriched with other lanthanides (i.e. Er, Yb) present in the glass [16] for pulses with energies above a given threshold. This effect may become a disadvantage for producing active devices since the material for inscription is normally designed to achieve best performance for a given length and doping level.
In this work, we show that this seemingly inconvenient effect in the local concentration of active ions may be used as an advantage, as it allows producing high performance devices with different active properties in the same sample by varying the inscription parameters. This has been experimentally demonstrated in Er 3+ -Yb 3+ waveguide lasers, reaching laser slope efficiencies above 38% without optimizing the waveguide length. This effect also enables making a very accurate estimate of Δn by measuring their waveguide absorption at 1534 nm.
II. EXPERIMENTAL AND MODELLING DETAILS
Waveguide writing, optical and structural characterization, and gain modeling details have been described elsewhere [11] , [14] , [15] , [17] . The writing setup consists of a high repetition rate fs-laser (Tangerine, Amplitude Systems, 500 KHz rep. rate) emitting ∼400 fs pulses at 1030 nm. The beam was slit-shaped (1.2 or 1.4 mm slit width) and focused 100 μm below the surface with a 0.68 NA lens. A sample scan speed of 60 μm/s was used. The sample is made of Kigre-QxErSpa100 glass ( performances were evaluated based on a previously developed numerical model [17] , [18] .
III. LOCAL CHANGES OF LANTHANIDES CONCENTRATION
In this glass the refractive index contrast in the guiding region is caused by a local enrichment in La 2 O 3 [19] that yields a linear dependence of Δn on the local La 2 O 3 concentration [11] , [14] . The observation of enrichment in other lanthanides in the guiding region has been first described in [14] . The determination of the local concentration of lanthanides is therefore a crucial issue for designing active and passive waveguides via fs-laser induced compositional changes. However, for the case of minority rareearth dopants (i.e. Er, Yb), the accurate determination of their concentration is challenging even by energy-dispersive X-ray spectroscopy (EDX) due to both their low concentration and the lower X-ray emission efficiencies associated to the L and M shells involved in the characteristic fluorescence of lanthanides.
It has been shown though that all the lanthanides present in the phosphate glass experience approximately similar levels of migration for laser pulse energies above a certain threshold [16] . This is something up to some extent expected given the fact that the other element showing strong migration (K) moves in opposite direction to the lanthanides [11] , [14] , [16] which show ionic radii rather similar to that of K 2+ . We have investigated this in further detail by comparing EDX measurements of the local concentration of La in a set of waveguides with their absorption (α wg ) at 1534 nm (see Section IV). This parameter is proportional to the concentration of Er 3+ and can be compared to the absorption of the bulk glass (α bulk 1534 = 1.06 cm −1 ) to evaluate the local increase of concentration of Er 3+ ions. The waveguides were fabricated with pulse energies in the 500-800 nJ/pulse range. The results are plotted in Fig. 1 .
The inset shows a SEM image and a compositional La-K mapping of a waveguide produced at 790 nJ/pulse. The bright contrasted region corresponds to the lanthanides-enriched guiding region while the dark zone is enriched in K and depleted The total pump power used in each measurement is indicated for every length, and for the simulations. Dashed lines correspond to the numerical simulations for a constant pump power of 500 mW. Although the comparison of measurements at 21 and 23 mm-length might suggest gain saturation, this apparent effect is due to the lower pump power used for the measurements at 23 mm. The inset shows the spectral net gain of both waveguides for a 17 mm waveguide length.
in lanthanides [11] , [14] . The evolution of the relative local concentration of La and relative absorption at 1534 nm in the guiding region is the same within experimental error. This enables using the waveguide absorption to calculate both the concentration of Er 3+ and La 3+ and thus Δn in the guiding region. More importantly, Fig. 1 shows that the local modification of the glass composition can be used to inscribe waveguides with different optical gain in the same piece of glass by varying the laser writing parameters. Optical amplifiers and lasers based on these active waveguides are described in the next section.
IV. ACTIVE WAVEGUIDES
Two illustrative examples of waveguides with different active properties produced in the same glass sample are next described. They were produced using a 1.4 mm slit width and 580 nJ laser pulses (Wg1) or 1.2 mm slit-width and 760 nJ pulses (Wg2). The difference in the writing parameters leads to different local concentrations of Er 3+ , Yb 3+ and La 3+ in the guiding region. Fig. 2(a) shows near-field images of guided modes of Wg1 and Wg2 at 976 nm and 1640 nm as well the corresponding images of the coupling fiber. The latter wavelength is used to determine the passive losses of the waveguides out from the absorption band of Er 3+ . The mode distribution and diameter is very similar in size and profile to the one of the fiber, resulting in low coupling losses (at 1640 nm): 0.30 dB/facet and 0.35 dB/facet for Wg1 and Wg2 respectively. In the case of Wg2, higher order modes can be excited for both wavelengths. This evidences that Δn in this waveguide is clearly above 10 −2 , as it will be shown at the end of this section.
A. Optical Amplifiers
The optical amplifiers were operated in the small signal regime and pumped at 976 nm in bidirectional configuration using two Corning SMF28 fibers. Their behavior as a function of the waveguide length was analyzed by grinding and polishing the waveguide facets in steps of ∼2 mm from their initial 23 mm length. Fig. 2(b) shows the net gain as a function of the waveguide length for Wg1 and Wg2. For each length Wg2 showed higher net gain than Wg1, up to 9.0 dB for the longest waveguide length (23 mm). Both waveguides showed exceptionally low propagation losses at 1640 nm of 0.2 and 0.3 dB/cm respectively. Pump transparency was lower for Wg1 for all waveguide lengths. Fig. 2 (b) also shows that the optimum length for the optical amplifiers produced using Wg1 and wg2 is longer than the initial 23 mm sample length. Numerical simulations [17] , [18] were performed in order to determine the optimal amplifier length for both waveguides. Table I shows the most important simulation parameters used. Some of them are fixed (i.e. lifetimes) while others were fitted (i.e. Er 3+ , Yb 3+ enrichment, cross sections, transfer coefficients and losses) to reproduce the net gain values experimentally obtained for each waveguide length. The simulation results are included as dashed in lines in Fig. 2(b) , showing an excellent agreement with the experimental results. It is important noting that most of the parameters used in the simulations, in particular those not dependent on the Er 3+ and Yb 3+ concentration, are the same for both waveguides. On the other hand, the excellent agreement observed also indicates that the expected relative enrichment of Yb 3+ in the guiding region is similar to the one experimentally measured for Er 3+ and Yb 3+ in the guiding region than Wg2, it shows higher maximum net gain due to its somewhat lower propagation losses at both pump and signal wavelengths.
The inset of Fig. 2(b) shows the spectral net gain of Wg1 and Wg2 for a waveguide length of 17 mm. Both waveguides showed net gain higher than 1 dB between ∼1525 and ∼1575 nm. After reducing the waveguide length to 11 mm, the glass sample was annealed at 450°C (∼150°C below the glass transition temperature, T g ) during 1 hour, with no significant variation in their amplifying properties, showing the thermal stability of the structures produced by ion migration.
To conclude this section, the absorption of each waveguide at 1534 nm for different lengths was extracted from the net gain and insertion loss measurements (see Fig. 3 ). A linear fit of the absorption at different lengths enables a more accurate estimation of the absorption coefficient of the guiding region of each waveguide than a single point measurement. By comparing the slope of the corresponding linear fits with the absorption expected for a waveguide made of bulk material (calculated from α bulk ) the local concentration of Er 3+ in the guiding region of each waveguide was determined. This resulted in a 20% and 47% relative increase of Er 3+ concentration for Wg1 and Wg2 respectively. The corresponding Δn values can be then estimated from the expected similar local concentration increase of La 3+ [11] , [14] , leading to Δn = 1.0 × 10 −2 and 2.5 × 10 −2 for Wg1 and Wg2, respectively. With regards to this latter value, it is worth noting that according to [19] on binary P 2 O 5 -La 2 O 3 glasses, around 15 mol%. of La 2 O 3 , the refractive index of the glass deviates from a linear increase with the La-content, showing a quasi-plateau for concentrations in the 15-25% mol.% range approximately. For Wg2, a local La 2 O 3 concentration close to 15% mol% is expected, and therefore Δn could be somewhat smaller. Even though, the presence of other low-index glass modifiers like KO 2 and Al 2 O 3 may modify the material behavior at relatively large La 2 O 3 contents, preserving the linear behavior. In any case, the observed multimodal behavior of Wg2 at 976 and 1640 nm is consistent with a Δn value close to our estimation.
B. Lasers
After measuring the optical amplification of the waveguides for a given length, two fiber Bragg gratings (99% and 69% reflectivity with 1 nm of bandwidth centered at 1535 nm) were placed at both ends of each waveguide in order to implement a laser cavity with the waveguide as gain medium. Fig. 4 shows the laser slope efficiencies (respect to absorbed pump) of both waveguides for different lengths. In this case, Wg1 shows higher efficiency than Wg2, in spite of its lower net gain (see Fig. 2 ). This is due to the lower pump transparency of Wg1 at every length, showing the importance of this parameter in the design of lasers. Also, the slope efficiency improves for shorter waveguide lengths, where both net gain and pump transparency decrease, supporting this argument.
The highest slope efficiency obtained is 38.3% for Wg1 for 11 mm waveguide length (31.0% respect to total incident pump). This is the highest value achieved, to our knowledge, in a fs-laser written phosphate glass doped with Er 3+ and Yb 3+ , improving the result in [20] in terms of slope efficiency, lasing threshold and laser emitted power. The highest power emission achieved was 112 mW for Wg1 at 17 mm and 68 mW for Wg2 at 15 mm (as shown in the inset of Fig. 4) , with a total incident pump power of 470 mW. The bandwidth of the lasers was around ∼0.5 nm. Saturation effects produced that the maximum emitted power was lower for shorter waveguide lengths. The lasing threshold also decreased with waveguide length. The minimum obtained values for the absorbed pump power threshold (total incident pump power threshold) were 21.6 mW (28.5 mW) for Wg1 and 33.8 mW (51.2 mW) for Wg2, both of them at 11 mm of waveguide length.
Laser performance was also modeled using the same parameters deduced from the simulations of the optical amplification experiments. Results are included as dashed lines in Fig. 4 , showing a very reasonable agreement with the efficiencies experimentally measured at different waveguide lengths. These simulations were also used to analyze the role of the reflectivity of the second fiber Bragg grating in the lasers performance. The results are shown in Fig. 5 and show that the slope efficiency of the lasers can be further increased up to 42%. This brings the results obtained by fs-laser induced ion-migration in this phosphate glass at the same level of the best results obtained by conventional waveguide fabrication techniques [21] .
V. CONCLUSION
We have shown that is feasible to produce high performance waveguide amplifiers and lasers by a local modification of the glass composition induced upon fs-laser writing with high repetition rate fs-laser pulses. Their performance is comparable to that of devices produced by more conventional waveguide fabrication techniques. Moreover, it is possible to tailor the properties of the laser-written devices in the same glass by using different irradiation parameters. This adds a new control parameter that increases the versatility of fs-laser inscription technique. The evolution of the local changes in the concentration of lanthanides in the guiding region upon fs-laser writing has been analyzed in detail, showing that Er 3+ concentration can be used in P 2 O 5 -La 2 O 3 based glasses to assess the refractive index contrast of the guiding region by measuring the absorption of the waveguides at 1534 nm. The produced devices are thermally robust at temperatures of several hundred of Celsius.
